Abstract Optimizing radiologists' performance is a major priority for managers of health services/systems, since the radiologists' reporting activity imposes a severe constraint on radiology productivity. Despite that, methods to optimize radiologists' reporting workplace layout are scarce in the literature. This study was performed in the Radiology Division (RD) of an 850-bed Universitybased general hospital. The analysis of the reporting workplace layout was carried out using the systematic layout planning (SLP) method, in association with cluster analysis as a complementary tool in early stages of SLP. Radiologists, architects, and hospital managers were the stakeholders consulted for the completion of different stages of the layout planning process. A step-by-step description of the proposed methodology to plan an RD reporting layout is presented. Clusters of radiologists were defined using types of exams reported and their frequency of occurrence as clustering variables. Sectors with high degree of interaction were placed in proximity in the new RD layout, with separation of noisy and quiet areas. Four reporting cells were positioned in the quiet area, grouping radiologists by subspecialty, as follows: cluster 1-abdomen; cluster 2-musculoskeletal; cluster 3-neurological, vascular and head & neck; cluster 4-thoracic and cardiac. The creation of reporting cells has the potential to limit unplanned interruptions and enhance the exchange of knowledge and information within cells, joining radiologists with the same expertise. That should lead to improvements in productivity, allowing managers to more easily monitor radiologists' performance.
Introduction
The increasing demand for medical imaging studies experienced in past decades was not accompanied by a proportional increment in the number of certified radiologists [1] . Consequently, waiting lists for outpatient imaging and unreported queues are common problems in radiology departments worldwide. Optimizing productivity in such context becomes a healthcare system priority, which should be pursued using proper analytical tools [2] [3] [4] [5] .
Several indicators have direct impact on the productivity of a Radiology Department (RD), one of the most important being the reporting turnaround time [6] . The turnaround time is a function of RD resources and operational characteristics, including (but not limited to) the availability of voice recognition systems, radiologists' ability to report outside their main expertise, the occurrence of unplanned interruptions, and the design of the workplace. Efforts to plan and design a dedicated workplace for radiologists have been described [7, 8] with emphasis in achieving an optimized layout of the reporting room [9] .
The layout problem is characterized by selecting the best spatial positioning of facilities, such as equipment and working stations, in a specific area. Planning a proper layout is key in attaining efficiency in the production of goods or services, since the layout directly affects the performance of processes and operations carried out in the site [10] . The facility layout problem is defined as an optimization problem that aims at obtaining more efficient layouts by taking into account various interactions between facilities and materials handling systems [11] .
In a healthcare context, it is important to develop a holistic approach, in order to combine architectural and legal aspects with logistics related to patients, personnel, and material flows inside the hospital building [12] . While factory layout planning emphasizes the flow of materials, in healthcare systems, the flow of people and information plays a more important role. In both cases, systematic layout planning (SLP)'s tools are applicable. SLP is a method for layout design [13] , which seeks to identify among several alternative layout proposals, the one that best fits the department's operational procedures and the institution's strategies [14] .
The layout problem in healthcare facilities can be deployed in two levels, both approachable by SLP tools. In the macro level, the goal is to optimize the assignment of functional departments, wards, surgery rooms, and other necessary supporting areas to locations inside the hospital. The micro level is related to the planning of a single functional department in the building [15] , such as the Radiology Department. The aim of this study is to describe the development of an optimized layout for the reporting room of the RD at a university hospital.
Methods

Setting
The study was conducted at the Radiology Department of the Hospital de Clínicas de Porto Alegre (HCPA). HCPA is an 850-bed, tertiary care teaching public hospital in Porto Alegre, Brazil. The HCPA's Ethical Committee has approved this study, and authors have complied with the recommendations of the Declaration of Helsinki.
HCPA's RD has 40 part-time radiologists producing nearly 150,000 reports/year, including outpatients, inpatients, and emergency orders. Radiologists reporting groups are divided in seven subspecialty areas: abdominal, thoracic, neurologic, musculoskeletal, head & neck, cardiac, and vascular imaging. All radiology reports are performed using voice recognition through a radiology information system (RIS, IMPAX®, Agfa Healthcare) integrated with the hospital's information system (HIS, AGHUse, HCPA, Brazil).
The radiology reporting area and its surroundings are distributed in 120 m 2 , which includes a reception, an administrative wing, and a reporting room. One of the drivers of this study was an expansion project planned for the RD, which was viewed as an opportunity to improve the current layout using formal analytical tools. Thus, a total area of 274 m 2 was considered in our study, including the planned expansion of 154 m 2 . The current layout presented in Fig. 1 has several drawbacks. There is a considerable level of noise due to the intense flow of people-both radiologists entering the department and preparing to work, and customers looking for assistance on specific reports-through the reporting room. Assignment of radiologists to working stations is random, which impairs information sharing among specialty peers.
Finally, the proportion of the total area assigned to administrative functions is excessive. Radiologists, architects, and hospital managers were deemed major stakeholders and were consulted during different stages of the new layout definition.
Layout Planning
The analysis of the RD reporting layout was carried out using systematic layout planning (SLP) tools. In the initial steps of SLP, a multivariate cluster analysis was used to define groups of radiologists with similar expertise, to be positioned in dedicated working cells.
SLP is implemented in three macro-phases: analysis, research, and selection. The main step in phase 1 is the analysis of proximity requirements between sectors or departments to be positioned in the layout, which is carried out using a relationship diagram. Results from this analysis are the input in phase 2, in which layout alternatives are created considering practical constraints. Alternatives created are evaluated in phase 3 in search of the best layout [16] .
Data Gathering
Mapping of activities performed in the sector was carried out using the PQRST (Product, Quantity, Routing, Supporting Services, and Time) analysis, upon adapting the SLP tool to our needs. As the healthcare layout problem prioritizes the flow of people and information [17, 18] , mapping of activities included the number of radiologists, types of exams reported, radiologists' output by exam type, number of workstations to 
SLP Analysis
& Clustering
Using group technology principles from lean manufacturing [19] , we organized radiologists in working cells according to their processing similarities. Cluster analysis was used to identify groups of radiologists. Clustering variables were the percentage frequency of reports on each exam subspecialty area performed by radiologists, based on their historical reporting logs obtained from the RD's Information System. Exams were classified in the following subspecialty areas: abdominal, thoracic, neurologic, musculoskeletal, head & neck, cardiac, and vascular imaging.
We performed a two-step cluster analysis. First, a hierarchical cluster analysis was performed aimed at determining the ideal number of clusters (say, k) of radiologists. Once that number was defined, a k-means analysis was performed to assign radiologists to the k clusters. All analyses were run using Matlab™ (Version R2015a, The MathWork Inc., USA). Hierarchical clustering was based on the average Euclidean distance between individuals (average linkage clustering), while k-means was based on the squared Euclidean distance between centroids. All other settings were configured to standard values defined by Matlab™.
Historical data from 31 radiologists were analyzed in the clustering step, with results available in Table 1 . Nine additional, recently hired radiologists were assigned to resulting clusters a posteriori, based on expert opinion from RD managers. A total of four clusters of radiologists were obtained, each cluster devoted to a group of subspecialties.
& Relationship analysis
One of the main steps in SLP is the analysis of relationships between pairs of layout elements, which may be sectors, working cells, or facilities, for example. One way to run the analysis is based on the stated preference of analysts regarding proximity between pairs of elements, which are presented in a relationship diagram. Preferences are evaluated using a coded scale, with codes A, E, I, O, U, and X. The importance of the proximity between a given pair of elements decreases from A (absolutely necessary) to U (unimportant); X is used to denote a situation in which proximity is not desirable.
& Space requirements and availability
To complete SLP's Analysis phase, a meeting was held with the group of stakeholders to determine physical spaces (needed and available) for the new RD reporting layout and estimate the desired dimensions for the department's elements. The analyses used plants in which the current layout and the future available area of 274 m 2 were displayed.
SLP Research
The information gathered to prepare layout alternatives included space limitations, demands of each sector, and their singularities, some of them related to personnel's preferences [20] . Layout alternatives were generated constructing a space relationship diagram. Following meetings with radiologists and hospital architects to analyze initial layout proposals, additional demands, and elements were considered to generate new layouts; they were (i) possible changes in the positioning of elements for better use of space, (ii) availability of windows in some areas (iii) assignment of an area to place an HVAC equipment, and (iv) flows of users and information in future layout propositions.
SLP Selection
In the Selection phase layout alternatives generated in previous phases were evaluated. The objective is to select the best layout alternative. After applying SLP to obtain layout alternatives, they should be compared against each other and the original layout. Upon selection of the best alternative, the final layout plan is detailed, identifying the final location of elements such as machinery and equipment, partitions between working cells, and power connections as electricity, water, and gas [21] .
Results
Clustering
Through cluster analysis, radiologists were grouped in the following four reporting clusters, based on historical exams' reporting logs from each radiologist: cluster 1-abdomen; cluster 2-musculoskeletal; cluster 3-neurological, vascular, and head & neck; cluster 4-thoracic and cardiac. Table 1 presents the list of radiologists (coded M1 to M31), their percentage historical worktime reporting in each subspecialty area (calculated over a 20-month period), and their initial and final cluster assignment. The initial assignment was the one obtained through cluster analysis using the k-means algorithm; the final assignment was defined by RD managers, aiming at balancing the available workforce across subspecialties. Distance from cluster centroids is also informed in the table, for both assignments. Small distances are desirable, but there is no threshold value.
As previously mentioned, nine additional radiologists (coded M32 to M40) were assigned to clusters a posteriori, based on expert opinion from RD managers. Most of them were assigned to cluster 2 (M32 to M37), while the others were assigned to cluster 3 (M38 to M40).
The radiologists' working scale was used to define the minimum number of workstations to be included in each working cell. That number resulted smaller than the total number of radiologists assigned to each cell, due to the fact that most radiologists are part-time workers. Figure 2 shows the resulting relationship diagram for the RD reporting area and its surroundings; 13 sectors were included in the diagram, as follows: entrance/reception, administrative area, administrative staff and radiologists relax areas, meeting room, reporting room for emergencies (noisy), male and female restrooms, locker room, and 4 reporting working cells (quiet).
Relationship Diagram
Layout Alternatives
Initially, three layout alternatives were generated and presented to the RD staff and hospital architects in a meeting. New demands and elements to be considered in the layout were gathered in the meeting, resulting in five additional layout alternatives. We thus concluded SLP's Research phase with a total of eight layout proposals, some of which are presented next. Figure 3 shows the positioning of working cells (corresponding to clusters) in the first layout presented to stakeholders. The main concern here was to segregate quiet and noisy areas; however, the suboptimal use of space in the proposal was clear: there was a large unnecessary circulation area between sectors 3, 5, 6, and 9, and an excessive number of corridors separating working cells. Other negative points were (i) insufficient number of workstations in working cells; (ii) restrooms separated from the locker room; (iii) two separate entries for staff and clients, wasting space; (iv) flow of clients through the administrative area; (v) nonlinearity of flows (both clients and staff). Although respecting proximity preferences in Fig. 2 , the layout presented drawbacks and, therefore, opportunities for improvement.
The eighth layout proposition is displayed in Fig. 4 . Once again, proximity preferences were respected; however, a large number of improvements were incorporated if compared to the first layout, which are discussed in the next section. The final layout proposal (Fig. 5) was generated improving on the layout in Fig. 4 , incorporating changes proposed by the stakeholders, and allowing a better use of the available space and dimensioning working cells to the final number of radiologists assigned to them in different work shifts. It is worth noting that the use of a single central corridor for circulation, results in better use of space and linearization of people and information flows. The central corridor connects with all reporting working cells and all main sectors. Figure 5 shows the redesigned view of proposition 8 (Fig. 4) obtained using SolidWorks™ software (Dassault Systemes, SolidWorks Corporation, USA), with the positioning of workstations. A greater number of stations were added in working cells 12 and 13 if compared to proposition 8, and a space was reserved for the HVAC equipment (area 14) in the quiet area. Workstations in the administrative wing were better organized. A partition in the urgency room (area 4) was also added, to isolate radiologist interns with research assignments.
Considerations on the Selected Layout
Regarding other proposals (not shown here) and the original layout of the RD (Fig. 1) , the proposition in Fig. 5 displays a better use of space and corridors. The arrow indicates the single entry to the service, which gives direct access to the reception. On the left side of the reception, the administrative room was positioned; on the right side, there is the administrative relax area. A door separates the reception from a central corridor which gives access to both noisy and quiet areas. In the noisy area, there is a meeting room for case discussions, positioned in front of the urgency reporting room, where a group of radiologists will be available to answer technical questions from the operational radiology personnel, and for case discussions with the clinical staff. At the end of the noisy area, there are restrooms, locker rooms, and the relax area for radiologists.
Reporting cells, defined through cluster analysis, were positioned in the quiet area. Based on the number of radiologists per shift, two larger rooms were dedicated to the abdominal Fig. 2 Interrelations for the radiology division sectors involved in this study (cluster 1) and thoracic/cardiac (cluster 4) subspecialties, and two smaller rooms were dedicated to the musculoskeletal (cluster 2) and neurologic/vascular/head & neck (cluster 3) subspecialties.
Discussion
In this study, we presented two important contributions to the literature on layout studies in healthcare systems. The first was the use of cluster analysis as a preliminary step to SLP, aimed at organizing radiologists in working cells to be eventually positioned in the layout using SLP tools. The application of cluster analysis to identify working cells joining individuals with similar abilities in a healthcare context has no parallel in the literature, as well as its use as supporting tool to SLP. The second contribution is the presentation of a case study analyzing an RD layout problem. To the best of our knowledge, both constitute innovative contributions to the scarce literature on layout studies applied to healthcare systems.
In most studies on the subject of healthcare systems design [18, [22] [23] [24] [25] , the layout problem was characterized by the flow of patients and staff, or the materials and equipment used in healthcare. In addition to the theoretical contributions listed above, the work also brings a practical contribution to improve the working environment and provide a better flow of information in the RD of a reference hospital.
Throughout the study, the methodology highlighted the importance of involving stakeholders in decision-making, in each stage of the SLP method, addressing their considerations before moving to the next method step. Inputs and opinions from different experts were taken into consideration when planning the layout of the reporting area. In general, the proposed method provided a greater involvement and participation of different groups to achieve a common goal.
Particularly, the benefits of defining areas with a high degree of interaction and positioning them in proper proximity have the potential to limit the transit of people, which brings noise and disruptions in the reporting activity, while improving the flow of information. Additionally, the clear separation of noisy and quiet areas limits unplanned interruptions and enhances the exchange of knowledge and information inside cells, joining radiologists with the same expertise (subspeciality) in the same space.
In summary, we described a step-by-step method to plan an RD reporting layout. The effectiveness of benefits derived from such approach on radiology reporting quality and turnaround times should be the subject of further research. 
Conclusions
This paper presented a contextualization of the importance of layout planning in health care. Such contextualization sought to make a layout planning in radiologist's reporting area. The analysis was divided into two levels: micro and macro. At the micro level, the cluster analysis was applied to find the ideal number of clusters of medical specialists. At the macro level, the SLP steps were applied to arrive at layout alternatives and select the best one for implementation.
Throughout the research, the methodology evidenced the importance of stakeholder participation in each stage of the SLP. Comments and opinions from different experts were taken into consideration when planning the layout of the reporting area. In general, the methodology provided a greater commitment and participation of different individuals to reach a common goal.
After the implementation of the proposal, it would be interesting to carry out an evaluation of the layout performance proposed in this paper. This evaluation would make it possible to compare and verify the efficacy of the new radiology reporting area in relation to the previous one. Thus, it would be possible to find new noises in the new layout and optimize it through SLP.
